The medial prefrontal cortex (MPFC) is a key brain area in depressive symptomatology; specifically, glutamate (Glu) has been reported to play a significant role in major depression (MD) in this area. MPFC Glu levels are sensitive to ovarian hormone fluctuations and pregnancy and the postpartum period are associated with the most substantial physiological alterations of female hormones. It is therefore logical to measure MPFC Glu levels in women with postpartum depression (PPD). Using in vivo magnetic resonance spectroscopy (MRS) at a field strength of 3 T, we acquired single-voxel spectra from the MPFC of 12 women with PPD and 12 healthy controls (HCs) matched for postpartum scan timing. Water-referenced MPFC Glu levels were measured using a MRS technique that allowed us to be specific for Glu with very little glutamine contamination. The concentrations of other water-quantified brain metabolites such as glycerophosphorylcholine plus phosphorylcholine, N-acetylaspartate (NAA), and creatine plus phosphocreatine were measured in the same MR spectra. MPFC Glu levels were higher in women with PPD (7.21±1.20) compared to matched HCs (6.04±1.21). There were no differences between groups for other brain metabolites measured. These findings suggest an association between Glu dysregulation in the MPFC and PPD. Whether the pathophysiology of PPD differs from the pathophysiology of MD remains to be determined. Further investigations are needed to determine the chronological associations between the occurrence of symptoms of PPD and the onset of changes in MPFC Glu levels.
INTRODUCTION
Postpartum depression (PPD) is a common mood disorder that occurs in up to 20% of women after childbirth (Gaynes et al, 2005) . According to the DSM-IV-TR (American Psychiatric Association, 2000) , PPD is limited to a diagnosis of major depression (MD) with an onset within 4 weeks of birth. However, based on epidemiological data, it has been recommended by many researchers in the field that 3 months postpartum is a more suitable timeframe for defining postpartum onset of depression (Elliot, 2000; Wisner et al, 2006) . Women who suffer from PPD experience feelings of inadequacy and hopelessness, which can often persist from months to years after childbirth. The damaging role that PPD plays in the mother-infant relationship may result in suboptimal cognitive and emotional development in the child, which can subsequently increase the risk of depression in the child into adolescence (Ramchandani et al, 2005; Murray and Cooper, 2003; Goodman et al, 1993; Downey and Coyne, 1990; Rahman et al, 2004; Sinclair and Murray, 1998; Moehler et al, 2007; Murray et al, 2011) . Although psychosocial aspects of PPD are well researched, there is a dearth of biological investigations into the pathophysiology of this disorder. As a result, it is not clear whether the pathophysiology of PPD differs from the pathophysiology of MD.
In vivo magnetic resonance spectroscopy (MRS) is the only noninvasive technique that can directly assess levels of neurochemicals, such as the excitatory neurotransmitter glutamate (Glu), in localized brain regions (Stanley, 2002; Soares et al, 1996) . The ability to measure Glu selectively by MRS is confounded by overlapping resonances with glutamine (Gln) owing to a similarity in the chemical structures of the two.
MRS investigations have suggested dysregulation of glutamix (a combination of Glu and Gln) in patients with MD (Yuksel and Ongur, 2010) . Although the glutamatergic hypothesis of depressive symptomatology has been prominent for a period of time, the recent clinical findings of the rapid onset of antidepressant activity of the N-methyl-D-aspartate (NMDA) antagonist ketamine (Berman et al, 2000; Zarate et al, 2006) have established the glutamatergic hypothesis of depression as one of the most promising avenues of research.
Various neuroimaging investigations have suggested that the medial prefrontal cortex (MPFC) is a key brain area for depressive symptomatology (Price and Drevets, 2010) . Recent animal studies (Li et al, 2010 (Li et al, , 2011 Autry et al, 2011) suggest that the rapid antidepressant response to ketamine is related to its synaptogenesis activity in the MPFC. Furthermore, data indicates that MPFC Glu levels are influenced by ovarian hormone fluctuations (Batra et al, 2008) . Of note, pregnancy and the postpartum period are associated with the most substantial physiological alterations of female hormones (Buckwalter et al, 1999; Bloch et al, 2003) . As PPD is defined as an episode of MD occurring during the postpartum phase, it stands to reason that glutamatergic dysregulation in the MPFC may play a key role in depressive symptomatology observed in PPD.
Our objective in this report was to examine whether Glu levels in the MPFC are decreased or increased in women with PPD compared to healthy women.
MATERIALS AND METHODS

Subjects
In all, 12 women suffering from PPD (1 suffering from PPD as defined by the DSM-IV-TR, presenting with symptoms within the first 4 weeks postpartum and the other 11 suffering from PPD with onset of symptoms in the more commonly accepted time frame of within the first 3 months postpartum) were matched with 12 healthy control women (HCs) based on postpartum scan time. Women were brought in for the MRS scan as soon as possible after first contact was made. One PPD woman and her matched HC were scanned at 3 weeks postpartum, two PPD women and their matched controls were scanned at 5 weeks postpartum, one PPD woman and her matched HC were scanned at 7 weeks postpartum, two PPD women and their matched HCs were scanned at 9 weeks postpartum, and six PPD women and their matched HCs were scanned at 3 months postpartum. All participants were recruited from advertisements and through collaborations with health institutions in Edmonton, Canada. All subjects were compensated for their time. Each woman was recruited according to the guidelines of the Health Research Ethics Board of the University of Alberta. After a complete description of the study was provided to the subjects, written informed consent was obtained.
Eligible women were not taking any psychotropic drugs or herbal products with psychotropic activity 3 months before entering the study or at any time during the study. Participants were excluded if they had used any street or recreational drugs in the previous 6 months or during the study, or if they used any form of hormonal contraception. A pregnancy test ensured that women were not pregnant. Other factors that excluded participants included potential confounding factors such as brain injury or classical contraindications to magnetic resonance imaging.
All participants were administered the Structured Clinical Interview for DSM-IV-TR of Axis I disorders to screen for any current or lifetime Axis I psychiatric disorders. Specific exclusion criteria for HCs included any current or past Axis I psychiatric illness. PPD women had to meet the diagnostic criteria for MD with an onset of symptoms within the first 3 months postpartum. The Edinburgh Postpartum Depression Scale (EPDS) and the Beck Depression Inventory (BDI) were administered to all participants in order to screen for PPD. MRS sessions for both PPD patients and HCs were scheduled during the follicular phase of the menstrual cycle (with the exception of women who were scanned early in the postpartum at a time when menstruation has not yet resumed).
MRS
MRS was performed in the Peter S Allen MR Research Centre, University of Alberta, Edmonton, Canada, using a stimulated echo acquisition mode (STEAM) sequence (Frahm et al, 1989 ) and a 3 T magnet (Magnex Scientific, Concord, CA) equipped with a spectrometer (Surrey Medical Imaging System, Surrey, UK) and a quadrature birdcage resonator. A 2 Â 3 Â 3 cm 3 voxel (for segmentation and spectroscopy) was positioned such that the 2 cm dimension was perpendicular to, and centered on, the midline. The center sagittal slice was subsequently used to first register the voxel such that the posterior edge touched the rostrum of the corpus callosum in the mid-sagittal plane and inferior edge lay along the anterior commissureposterior commissure (AC-PC) line. The voxel was then rotated until the corners of the anterior edge were equidistant from the brain surface, while maintaining one corner contacting the AC-PC line, and an edge contacting the corpus callosum ( Figure 1 ).
Shimming to o0.05 p.p.m. was accomplished by using both FASTMAP (Gruetter, 1993) and an in-house autoshim routine. The optimal in vivo Glu and Gln contrast to background, determined using numerical simulation, used a TE equal to 240 ms, mixing time (TM) equal to 27 ms, and repetition time (TR) equal to 3 s (Thompson and Allen, 2001 ). The long TE time resulted in minimal macromolecule contamination due to their short T 2 relaxation time (Behar et al, 1994) . Spectra were the sum of 512 averages, acquired in 16 blocks of 32 averages. This warranted each of the 16 subspectra to be analyzed for spectral artifacts because of subject movement or hardware fluctuations before their final summing (Zhu et al, 1992) . Where necessary, reregistering of each of the 16 subspectra to the same frequency reference before summing was allowed. The in vivo data were analyzed using the LCModel (version 6.0-1) analysis program (Provencher, 1993) . The metabolite basis spectra used in the LCModel analysis were derived by numerical simulation and included N-acetylaspartate (NAA), creatine plus phosphocreatine (t-Cr), myo-inositol, N-acetylaspartylglutamate, taurine, lactate, aspartate, glycine, alanine, g-aminobutyric acid, glycerophosphorylcholine plus phosphorylcholine (t-Cho), and Glu. This analysis gave reliable measures of Glu, NAA, t-Cho, and t-Cr in the MPFC, with Cramer-Rao Lower Bound of the fit for Glu o13±4%, for NAA o3±1%, for t-Cr o9±3%, and for t-Cho o5 ± 1% in PPD patients.
We only report for Glu, NAA, t-Cr, and t-Cho. Glu measures from LCModel analysis typically had a standard deviation of the fit o20% and were therefore deemed reliable. Selection of the target Glu signal at 2.35 p.p.m. was optimized using numerical simulation by minimizing contamination from overlapping signals (Figure 2 ), and by assessing the TE and TM space of the simulated response of Glu, Gln, NAA, GABA, glutathione (GSH), and homocarnosine spin systems to find the optimal Glu signal-tobackground (TE, TM ¼ 240, 27 ms). The reduced SNR at this longer TE required us to select a relatively large 2 Â 3 Â 3 cm 3 volume, and signal average for B26 min (512 averages, TR ¼ 3 s). Moreover, placement across the midline to maximize the Glu-rich GM was critical to yield a good Glu signal. Under these optimal timing conditions, contamination from other metabolites was Gln 8%, NAA 11%, and GABA 7%. Signals with minimal contamination include GSH and homocarnosine. A representative spectrum used for LCModel analysis is shown in Figure 3 .
Segmentation of the frontal brain region was performed using a double-inversion recovery 1-D projection method (Hanstock and Allen, 2000) . The segmentation data were employed to scale the water data used for quantification. The water content has been well characterized in both gray matter (GM) 80%, and white matter (WM) 65%. In addition, these data allowed us to eliminate the cerebrospinal fluid (CSF) water volume that contributes to the total water signal, so that the quantified metabolite concentrations relate to the tissue space of the GM and WM. All computations necessary for calculating experimental timings before acquisition and for data analysis were performed using the MATLAB program environment.
The water data for quantification were acquired at several TE values (TE ¼ 20, 40, 60, 80, 100, 150, 200, 250, 300, 350, 400, 450, 500, 700, 900, 110 , 1300, 1500 ms; TR ¼ 12 000 ms; 2 averages per TE value). Using customized processing routines in MATLAB, the water data were imported, and filtered, Fourier-transformed, and phase and baseline corrected. The water peak area from each spectrum in this TE series was determined and these area data were fitted to a multi-exponential using a non-negative least-squares algorithm. This fitting yielded both the T 2 relaxation time coefficients contributing to the decay and their relative proportions. In addition, it permitted an estimation of the water peak area at a theoretical TE of 0 ms.
Metabolite quantification
Three series of data were used for quantification, which were acquired from the same selected voxel: Metabolite peak area estimates are extracted from the LCModel output; segmentation information for GM, WM, and CSF compartment sizes is used to estimate water concentration in the selected brain voxel, and internal water data acquired at different TE values are used as the reference MR signal standard. Scaled metabolite spectra based on typical literature concentrations (relative to Glu at 100%), NAA (120%), GABA (15%), HC (3%), GSH (20%), and Gln (40%). No significant overlap with the target Glu signal arises from GSH or HC. Since the NAA-asparate signal amplitude is well characterized by its singlet, its overlap as a contaminating signal can be readily accounted for during LCModel analysis. Within the Glu target band, only Gln (Gln peak/Glu peak B8%) and GABA (B7%) contamination will have a minor impact on quantification under these optimized stimulated echo acquisition mode (STEAM) acquisition timings.
Metabolite and water MR signals (S metab and S water , respectively) and concentrations (C metab and C water , respectively) are related by the simple expression:
After rearranging the simple expression, the metabolite concentration can be readily calculated:
The term C water is calculated by accounting for the GM:WM compartments: The term S water is calculated from NNLS fitting of the water data acquired at multiple TE values and extrapolation of the brain water compartment to a theoretical TE ¼ 0 ms.
The term S metab can be used directly as measured (S metabTE240 ), or can be scaled to account for the effects of metabolite T 2 and the different number of averages used for water-suppressed and non-suppressed acquisitions.
where for data acquired at TE ¼ 240 ms, and using 512 or 2 averages (water-suppressed or non-suppressed), scaling factors for the difference in the number of averages used (SF av ), and for the metabolite T 2 (SF T 2 metab ) can be accounted for by the following:
Note that T 2 values for metabolites were assigned based on averaged literature values for NAA (350 ms), Cr (150 ms), and Cho (310 ms), and estimated for Glu (380 ms) based on expected normal brain concentration values for the GM:WM mix sampled in our studies. Also note that the scaling factor accounting for metabolite T 2 is only to provide numerical values in the mM range, and that the same values are applied to all data. This allows comparison to reported data. One could equally well report the data in institutional units by using the measured metabolite signal S metabTE240 .
Analysis
A two-tailed t-test was used for independent sample analysis of variables between HCs and PPD women. Additional covariate analysis was also performed treating %GM as a covariate. Statistical significance was defined to be pp0.05. An analysis of the relationship between the EPDS and BDI scores and neurochemical concentrations was conducted using the Pearson correlation coefficient.
RESULTS
The mean age of the women with PPD was 28.67±7.45 years and the mean age of the HCs was 29.08 ± 4.89 years (t ¼ 0.43, d.f. ¼ 11, p ¼ 0.68). None of the PPD women had current co-morbid psychiatric disorders, but 5 out of the 12 PPD women had a history of MD. MPFC Glu levels were significantly increased in PPD women compared to matched HCs (see Table 1 ). In all cases, MPFC Glu levels were higher in the PPD woman compared to her matched HC. There were no statistically significant differences between PPD women and matched HCs for the other MPFC metabolite levels (NAA, t-Cr, and t-Cho) or tissue composition (GM, WM, and CSF) ( Table 1) . Although there was no statistically significant difference between groups in %GM content in the MPFC voxel, a lower p-value (p ¼ 0.10) lead us to perform a covariate analysis treating %GM as a covariate. When the covariate analysis was performed, the increase in Glu levels in PPD women remained marginally significant (p ¼ 0.067). No significant differences were observed upon covariate analysis for the other metabolites, including NAA that is also mainly present in GM. The Pearson correlation coefficient was used to assess the association between depressive symptoms (based on scores from the BDI or EPDS) and water-referenced neurochemicals, including Glu, in PPD women. There was no statistically significant correlation between water-referenced neurochemicals, including Glu, and scores on either EPDS or BDI in PPD women. BDI and EPDS scores were not available for two PPD women. Results of the analysis between EPDS and BDI scores with Glu were r ¼ À0. 
DISCUSSION
This study suggests that Glu levels in the MPFC are increased in PPD women compared to HCs. To the best of our knowledge, no other study has investigated brain Glu levels in PPD. However, MRS investigations have been performed in patients with MD. Most MRS investigations of the MPFC in MD have measured Glx (Glu + Gln) and found decreased levels of Glx in the MPFC of patients suffering from MD. A MRS investigation performed by Hasler et al (2007) found that 20 unmedicated MD patients demonstrated a decrease in Glx concentrations in the MPFC when compared to controls. Two other studies in the anterior cingulate cortex (ACC) support findings of decreased Glx in MD patients compared to HCs (Auer et al, 2000; Pfleiderer et al, 2003) . However, without Glu and Gln levels being individually measured, it is difficult to discuss these findings in relation to our results. Clear resolution of the Glu signal from Gln is not considered feasible at lower field strengths such as 1.5 T. By increasing the field strength, this ability is improved (Tkac et al, 2001) ; however, although it has been shown that shorter echo times (TE) can produce a reliable distinction of the Glu peak from Gln (Mullins et al, 2008) , the best timing conditions need to have the PRESS sequence echo timings set to be asymmetric (Jutras et al, 2009) . In addition, the use of an optimized STEAM sequence with a longer TE in our study enabled us to measure the Glu signal with minimal contamination from the Gln signal or macromolecules.
A study by Merkl et al (2011) used a field strength of 3 T (TE ¼ 80 ms) to measure water-quantified Glu concentrations, with little contamination from the Gln signal, in the prefrontal cortex of MD patients. Merkl et al (2011) found Glu to be reduced in the ACC in MD patients compared to HCs. This study suggests that Glu levels in the MPFC are decreased in MD, which is opposite to our results of increased MPFC Glu levels in PPD women. In contrast to results provided by Merkl et al, in a post-mortem study, Hashimoto et al (2007) found elevated Glu levels in the frontal cortex of MD patient brains compared to HC brains.
Both male and female participants were used in the previously mentioned studies, and although closely matched for age (Auer et al, 2000) and age and sex (Hasler et al, 2007; Pfleiderer et al, 2003; Merkl et al, 2011) , the phase of the menstrual cycle was not taken into consideration for female participants who were not menopausal, and may have altered the results. Indeed, our research team has shown that Glu levels are decreased during the luteal phase compared to the follicular phase of the menstrual cycle (Batra et al, 2008) .
Pregnancy and the postpartum period are associated with fluctuations in female hormones (ie, estrogen and progesterone) and associated neuroactive steroids (NASs) that have been hypothesized to be a contributing factor to the pathophysiology of PPD. Levels of estrogen, progesterone and NASs (such as pregnenolone and allopregnanolone) rise during pregnancy and return to pre-pregnancy levels in the postpartum (Bloch et al, 2003; Gilbert Evans et al, 2005) . Bloch et al (2000) induced symptoms of depression in euthymic women with a history of PPD, but not in HCs, by exposing women to 8 weeks of hormonal treatment with both estrogen and progesterone, followed by an immediate withdrawal period meant to mimic pregnancy and the postpartum.
The link between Glu and female hormones in relation to depression in humans is poorly understood at this time. Our research group has demonstrated that MPFC Glu levels fluctuate in relation to the rise and fall of female hormones and associated NASs during the menstrual cycle (Batra et al, 2008) . NASs as well as estrogen and progesterone are able to cross the blood-brain barrier, acting as neuromodulators by binding to neurotransmitter receptors and altering neuronal excitability (Finocchi and Ferrari, 2011; Rupprecht, 2003) . In animal studies, estrogen has been shown to increase the number of NMDA receptors on dendritic spines by means of increased mRNA production, as well as to increase NMDA-mediated Glu receptor activity (Woolley and McEwen, 1993; Smith, 1989) . Progesterone, on the other hand, has been shown to have inhibitory effects, reducing the number of dendritic spines and excitatory synapses Increased glutamate levels in the MPFC in patients with PPD AM McEwen et al (Woolley and McEwen, 1993) . Animal studies have also shown both that NASs can modulate glutamatergic neurons (Zamudio-Bulcock and Valenzuela, 2011) and that Glu impacts the production of NASs (Remage-Healey et al, 2008) . Considering the known interactions between female hormones, NASs and glutamatergic activity, it is therefore possible that the fluctuations of female hormones and NASs in the postpartum contribute to the increased MPFC Glu fluctuations observed in PPD women. It is important to note that our current findings apply to the follicular phase of the menstrual cycle and not the luteal phase (for those women who had resumed menses).
Only one MRS study has previously been performed in PPD women. That pilot study, which consisted of nine PPD women, found that GABA levels in the occipital cortex did not differ between PPD women and HCs scanned within 6 months postpartum and who had not yet resumed menstruation (Epperson et al, 2006) . Since Glu is the major excitatory neurotransmitter in the cortex and its action is counterbalanced by the inhibitory action of GABA, this study is remotely relevant to our investigation. However, considering the region-specific alterations of brain metabolites in MD (Hasler et al, 2007) , an absence of GABA level dysregulation in the MPFC of PPD women cannot be inferred from the data obtained from the occipital cortex.
We acknowledge the contingency that the increased MPFC Glu levels in PPD women may be correlated to past psychiatric disorders of these women and more particularly to MD rather than to the current PPD. However, this contingency is not supported by previous MRS studies which have suggested that alterations in Glx levels associated with MD resolve to levels that are similar to that of controls following clinical treatment (Yildiz-Yesiloglu and Ankerst, 2006) . Furthermore, Taylor et al (2009) compared levels of Glx in the ACC of unmedicated individuals with a history of MD to those of controls and found no significant differences between groups. Consistent with these findings, there were no differences in Glu levels in the five PPD women with a history of MD (7.17 ± 1.47) relative to the seven PPD women without a history of MD (7.25±1.01) (t ¼ À0.11, d.f. ¼ 10, p ¼ 0.92).
We did not find a correlation between the severity of depressive symptoms and MPFC Glu levels, and this is consistent with the results of other MRS investigations performed in MD patients (Hasler et al, 2007; Sanacora et al, 1999) . Indeed, in those investigations, which demonstrated dysregulations of Glu levels in various brain regions of MD patients, no correlations were observed between the severity scores of various depression scales and the Glu levels (Sanacora et al, 2004) . However, a greater sample size would have allowed for a more subtle analysis of the relationship between Glu levels and the severity of PPD symptoms, as has been done in this study.
As priority was given to matching for postpartum scan time, women were not matched for breastfeeding. Coincidentally when breastfeeding was taken into consideration, there were only 3 out of 12 pairs that were unmatched for breastfeeding. Breast feeding status is therefore an unlikely confounding factor.
The relatively small sample size is a limitation to our study, and replication with a larger sample size would allow for further analysis into the underlying pathophysiology of PPD. Although Glu concentration was our main variable, the MRS methodology chosen allowed for concomitant measurements of other metabolites and we reported on these. As a result of these multiple comparisons, a type I error cannot be excluded; however, we do not have the sample size to allow for Bonferroni corrections. Furthermore, our sample is a mix of PPD women with early or late onset PPD, which has been defined as being either before or after 6 to 8 weeks from delivery, respectively (Dennis, 2004) . Indeed, it has been suggested that the pathophysiology of early onset and late onset PPD may differ (Dennis, 2004) . The heterogeneity of our PPD population is a commonly occurring issue in published PPD research (Stowe et al, 2005) . In most published PPD studies, women with either a pregnancy onset, with an early onset, or with a late onset are included and analyzed as a whole.
Referencing Glu to water has a significant advantage (compared to referencing to other metabolites) for the interpretation of MRS data. Indeed, we can ensure that the Glu level fluctuations that we observed are not related to the fluctuation of another brain metabolite used as an internal reference. While an advantage of MRS is the measurement of total tissue Glu, it does not differentiate intracellular and extracellular glutamatergic activity (Valentine and Sanacora, 2009 ). Therefore, the precise involvement of the mechanism accountable for Glu dysregulation remains unclear.
13
C-MRS technology has the potential to be used for the measurement of the precise involvement of the glutamatergic system by combining intravenous infusion of 13 C-labeled glucose, or other precursors, with MRS (Valentine and Sanacora, 2009); this type of investigation would enable us to improve our overall understanding of the observed changes in Glu levels.
In conclusion, this is the first report investigating brain Glu levels in PPD women. Our findings of increased MPFC Glu levels have to be tempered by the fact that the difference between MPFC Glu levels in PPD women and HCs was only marginally statistically significant in the covariate analysis for GM content. Our results, however, contrast with findings of lower MPFC Glu levels in MD patients. Replication of our findings is necessary and future MRS investigations with sample sizes sufficient to control for PPD onset (early vs late), and including women suffering from MD as an additional control group will help us refine our understanding of the role of Glu in the pathophysiology of PPD.
